In mammary epithelia, dysregulation of Scrib prevented Myc-induced apoptosis and promoted epithelial-mesenchymal transition (EMT) and tumorigenesis. 10, 11 The effects of cell polarity disruption on tumour growth rely on the association and regulation of downstream signalling pathways. 12, 13 Besides, the roles of polarity proteins in tumorigenesis seem complicated, displaying either pro-or anti-tumorigenic functions and largely depending on the context of the cells. 5, 13, 14 The adhesion molecule Afadin (AF-6), encoded by theMLLT4 gene, is localised at cell-cell adhesion sites in epithelial cells and fibroblasts to help the formation of adherens junctions (AJs) and maintain cell polarity. [15] [16] [17] Originally identified as a fusion partner of the MLL gene in acute myeloid leukaemia with chromosome translocation, 18 AF-6 is also associated with initiation and progression of solid tumours.
Low levels of AF-6 expression was reported in 15% of breast cancer patients and linked to adverse prognosis, 19 and the loss of AF-6 was found to promote pancreatic cancer metastasis by inducing Snail expression, 20 suggesting that AF-6 might be a tumour suppressor. In another study, however, elevated AF-6 expression was closely related to adverse outcomes of breast cancer patients. 21 Furthermore, phosphorylation of AF-6 by Akt induced its translocalisation from AJs to the nucleus and increased breast cancer cell migration, 22 revealing the pro-tumorigenic role of AF-6. Therefore, the precise roles of Afadin in tumorigenesis and the underlying mechanisms still remain unclear.
As a classic model organism for the research of developmental biology, Drosophila has been recently used in cancer studies and provides great insights into the understanding of tumour initiation and progression. 23, 24 Indeed, the first in vivo evidence for the contributions of polarity proteins to tumorigenesis came from the study of Drosophila brains, in which the cells with mutant polarity genes dlg or lgl displayed overgrown and invasive behaviours. 25, 26 Subsequent studies demonstrated that loss of scrib, dlg or lgl in the larval eye disc accelerated the growth and metastasis of ras V12 -induced benign tumours, which was largely dependent on the activation of the JNK signalling pathway. 27, 28 In addition to this ras V12 -polarity defects model,
other Drosophila models for tumorigenesis have also been developed. For example, co-overexpression of EGFR and PI3K in larval glia induced neoplasia in Drosophila and mimicked glioma. 29, 30 Besides, elevating the levels of the Src kinase in cells along the anterior-posterior (A/P) compartment boundary of Drosophila wing disc produced a metastatic phenotype, providing a model for genetic screening of genes involved in cancer metastasis. 31, 32 Significantly, the core components of the Hippo signalling pathway, which plays vital roles in organ size control and exhibits various mutations in a plethora of tumours, were initially identified using Drosophila genetic models, highlighting the reliability of Drosophila models for cancer research. 8, 33 In this study, we show that the overexpression of Cno, the Drosophila homolog of AF-6, induces cell proliferation, cell death and cell migration in the larval wing disc. We find that these mixed effects result from strong activation of JNK signalling and Ras-MAPK signalling. Moderately reducing the activation levels of JNK signalling suppresses the effect of Cno on cell death, thereby inducing massive cell overproliferation and disc overgrowth. In addition, we demonstrate that Hippo signalling acts as a downstream effect or to mediate Cno-induced proliferation, revealing the underlying mechanism for the pro-tumorigenic function of Cno in Drosophila.
| MATERIAL S AND ME THODS

| Fly stocks
Flies are raised at 25°C under standard conditions. The fly stocks used in this study are as follows: ptc-Gal4, ap-Gal4, nub-Gal4, After washing with TBS, discs were mounted for microscopy.
UAS-ras-IR (VDRC 106642), UAS-mek-IR (VDRC 107276
| Immunostaining and image acquisition
Staining was carried out using standard protocols. Briefly, wing discs from third instar larva were dissected and fixed in PBS-T containing 4% 
| RE SULTS
| Overexpression of cno induces mixed effects in the wing disc
To explore the role of Drosophila AF-6 in cell proliferation, we overexpressed cno at the A/P compartment boundary of Drosophila wing disc by ptc-Gal4. The expression domain of cno, labelled by GFP-positive cells, became broader and irregular than the control, with some cells migrating into the posterior compartment of the disc ( Figure 1A ,B, Supporting Information Figure   S1D ). We monitored the signal of the mitosis marker, phosphorylated Histone H3 (pH3) and observed a significant increase in the number of pH3-positive cells in the region of cno overexpression in the wing disc (Supporting Information Figure S1 A-C). The activation of JNK signalling has a well-established role in inducing cell migration in Drosophila wing disc. [34] [35] [36] We therefore examined the expression of JNK target genes in these wing discs. Significantly 
| Moderate alleviation of JNK activation augments Cno-mediated proliferation
To investigate the roles of the JNK pathway in Cno-mediated phenotypes in Drosophila wing disc, we examined the effects of differentially reducing the levels of Cno-induced JNK activation. hemipterous 
-Gal4 UAS-GFP/+; UAS-GFP/+ (A, E and G), ptc-Gal4 UAS-GFP/+; UAS-cno/+ (B, F and H), ptc-Gal4 UAS-GFP/+; UAS-GFP/puc-lacZ (C) or ptc-Gal4 UAS-GFP/+; UAS-cno/puc-lacZ (D)
. White dashed lines indicate the edges of the wing discs. Note the reduced disc size in the presence of enhancer-trapped puc-lacZ, which additionally increases JNK activity due to the removal of one copy of puc
signalling, while the knockdown of bsk inhibits it more effectively.
As suggested by the expression domain of GFP, the knockdown of hep or bsk at the A/P compartment boundary had no effect on cell proliferation or migration (Supporting Information Figure S3 ).
Interestingly, cno overexpression in the presence of hep knockdown at the A/P compartment boundary induced massive cell proliferation and disc overgrowth, with the GFP-positive cells spreading throughout the wing disc ( Figure 2A ,B, Supporting Information Figure S4 ).
The combination with bsk knockdown displayed similar but weaker phenotype ( Figure 2C ). Similar effects by the knockdown of hep or bsk were also observed when cno was overexpressed in other compartments of the wing disc (Supporting Information Figure S5 ). The Figure S6 ).
| Cno induces proliferation via the Hippo signalling pathway
The Hippo signalling pathway is an evolutionarily conserved signal transduction pathway that plays vital roles in cell proliferation and apoptosis to control cell fate, organ size and tissue homeostasis. To investigate whether the Ras-MAPK pathway is involved in Cnoinduced overproliferation, we examined the effects of ras knockdown in above genetic setups. As controls, the knockdown of ras at the A/P compartment boundary or the dorsal compartment of the wing disc showed no effect on cell proliferation (Supporting Information Figure S7 ). In contrast, cell overproliferation induced by the overexpression of cno, in the absence or presence of hep knockdown, was strongly inhibited by the knockdown of ras ( Figure 5A-H) .
F I G U R E 2 The levels of JNK activation on Cno-induced proliferation. (A-F) Immunostaining of MMP1 and cleaved caspase3 in wing discs expressing ptc-Gal4 UAS-GFP/UAS-GFP; UAS-cno/+ (A and D), ptc-Gal4 UAS-GFP/+; UAS-cno/UAS-hep-IR (B and E) or ptc-Gal4 UAS-GFP/+; UAScno/UAS-bsk-IR (C and F). White dashed lines indicate the edges of the wing discs
Intriguingly, despite the effective inhibition of cell overproliferation, the knockdown of ras seemed unable to block cell migration induced by cno overexpression as was achieved by bsk knockdown ( Figure 2C and Figure 5A -H). These data suggest that Cno-induced phenotypes can be partially separated and are mediated by distinct pathways. Whereas, the Ras-MAPK pathway specifically contributes to the regulation of cell proliferation, the JNK pathway regulates both cell proliferation and migration. It has been reported that the Ras-MAPK signalling influences cell growth through an Yki-dependent mechanism. 46 We thus examined whether the effects of ras knockdown on Cno-induced proliferation were dependent on the Hippo pathway. Indeed, the knockdown of ras significantly impaired Cno-induced expression of Yki target genes (diap1 and wg) in the wing disc ( Figure 5I-L) . In addition, the knockdown of MEK, another F I G U R E 3 Cno-mediated overgrowth depends on the Hippo signalling pathway.
(A-H) β-galstaining of wing discs expressing ptc-Gal4 UAS-GFP/exlacZ; UAS-GFP/UAS-GFP (A), ptc-Gal4 UAS-GFP/ex-lacZ; UAS-cno/UAS-GFP (B), ptc-Gal4 UAS-GFP/ex-lacZ; UAS-cno/UAShep-IR (C), ptc-Gal4 UAS-GFP/ex-lacZ; UAScno/UAS-bsk-IR (D), ptc-Gal4 UAS-GFP/banlacZ; UAS-GFP/UAS-GFP (E), ptc-Gal4 UAS-GFP/ban-lacZ; UAS-cno/UAS-hep-IR (F), ptc-Gal4 UAS-GFP/UAS-GFP; UAS-GFP/diap-lacZ (G) or ptc-Gal4 UAS-GFP/+; UAS-cno UAS-hep-IR/diap-lacZ (H) (A) (B) (C) (D) (B′) ( C′) ( D′) (F) (G) (H) (F′) ( G′) ( H′) (A′) (E) (E′)
F I G U R E 4 The effects of yki knockdown on Cno-mediated overgrowth. (A-E) Immunostaining of Wg in wing discs expressing ptc-Gal4 UAS-GFP/UAS-GFP; UAS-GFP/UAS-GFP (A), ptc-Gal4 UAS-GFP/UAS-GFP; UAS-cno/UAS-GFP (B), ptc-Gal4 UAS-GFP/UAS-yki-IR; UAS-cno/UAS-GFP (C), ptc-Gal4 UAS-GFP/UAS-GFP; UAS-cno/UAS-hep-IR (D) or ptc-Gal4 UAS-GFP/UAS-yki-IR; UAS-cno/UAS-hep-IR (E). White arrows indicate Wg signals at the hinge region of the wing discs (A) (A′) ( B′) ( C′) ( D′) ( E′) (B) (C) (D) (E)
core component of Ras-MAPK signalling, exhibited similar effects as the knockdown of ras on Cno-induced phenotypes in the wing disc, including cell proliferation, cell migration and Yki target gene expression (Supporting Information Figure S8 ). Together, our results suggest that Cno can activate both JNK and Ras-MAPK signalling and regulate cell proliferation via the downstream Hippo signalling.
| D ISCUSS I ON
Although dual regulation of cell proliferation by polarity proteins have been observed and studied for quite a period, controversies about the precise roles of cell polarity in such an important cellular process still exist. 13 For instance, the adhesion molecular Afadin, which contributes to forming and sustaining cellular junctions and cell polarity, has been reported to have pro-or anti-tumorigenic functions. 47 In this work, by expressing Cno, the Drosophila homolog of Afadin, we observed mixed phenotypes of cell death, growth and migration. Since the JNK signalling pathway is well known to participate in all of these cellular processes, 34 
-Gal4 UAS-GFP/UAS-GFP; UAS-cno/UAS-GFP (A), ptc-Gal4 UAS-GFP/UAS-ras-IR; UAS-cno/UAS-GFP (B), ptc-Gal4 UAS-GFP/UAS-GFP; UAS-cno/UAS-hep-IR (C) or ptc-Gal4 UAS-GFP/UAS-ras-IR; UAS-cno/UAS-hep-IR (D). (E-H) The proliferation of GFP-positive cells in the dorsal region of the wing discs expressing ap-Gal4 UAS-GFP/UAS-GFP; UAS-cno/UAS-GFP (E), ap-Gal4UAS-GFP/UAS-ras-IR; UAS-cno/UAS-GFP(F), ap-Gal4 UAS-GFP/UAS-GFP; UAS-cno/UAS-hep-IR (G) or ap-Gal4 UAS-GFP/UAS-ras-IR; UAS-cno/UAS-hep-IR (H). White dashed lines display the edges of the wing discs. (I-L) Imunnostaining of β-gal or Wg in wing disc expressing ptc-Gal4 UAS-GFP/UAS-GFP; UAS-cno/diap-lacZ (I), ptc-Gal4 UAS-GFP/UAS-ras-IR; UAS-cno/diap-lacZ (J), ptc-Gal4 UAS-GFP/UAS-GFP; UAScno/UAS-GFP (K) or ptc-Gal4 UAS-GFP/UAS-ras-IR; UAS-cno/UAS-GFP (L)
.
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